13 C MAS NMR analysis of the hydrocarbon products formed from the selectively 13 C-labeled n-but-1-ene on zeolite ferrierite (H-FER) in a closed batch reactor revealed the following successive steps of the olefin conversion with temperature increase from 300 to 823 K: a double-bond-shift reaction, scrambling of the selective 13 C label in the formed n-but-2-ene, oligomerization (dimerization), conjunct polymerization, formation of condensed aromatics, and formation of the simple aromatics. Arguments in favor of either bimolecular or pseudo-monomolecular mechanisms are provided, excluding at the same time the monomolecular isomerization of n-to isobutene on a fresh sample. The arguments are based on selective label redistribution in the n-but-2-enes, the impossibility of the existence of isobutene inside the pores of the zeolite under static conditions and the observation of n-but-2-enes oligomerization (dimerization). Conjunct polymerization leads to the formation of alkyl-substituted cyclopentenyl cations (CPCs), which can serve as an intermediate for pseudo-monomolecular isomerization. Carbonaceous deposits (polycyclic aromatics), which deactivate the catalyst in the isomerization reaction, are formed from the CPCs. Polycyclic aromatics are transformed into simple aromatics with methane and ethane evolution at 823 K. 
INTRODUCTION
Zeolite H-FER, the hydrogen form of ferrierite (1) , represents a high-efficiency catalyst for isomerization of n-butene into isobutene (2, 3) . Industrial demands for isobutene are due to its use in the synthesis of methyl tertbutyl ether (MTBE), an important component of the gasoline pool. High selectivity and stability of the ferrierite in the isomerization of n-to isobutene (2, 3) stimulated numerous studies of the mechanism of this reaction (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Monomolecular, bimolecular, and pseudo-monomolecular mechanisms have been claimed for this reaction by studying the products distribution (3), the changes of the selectivity in the products with time on stream (5, 6, 9) and the 13 C isotopic label redistribution (6, 12) from the reagent into the reaction products.
A bimolecular reaction pathway with simultaneous formation of a large quantity of C 3 and C 5 olefins was first suggested by Mooiweer et al. (3) . Meriaudeau et al. (6) proposed that a bimolecular mechanism operates on the fresh and nonselective ferrierite catalyst, whereas a monomolecular reaction takes place for the coked and selective catalyst. The conclusion about a bimolecular mechanism at the outer surface of the catalyst was made based on the poor selectivity for isobutene formation and observation of the double 13 C-labeled isobutene from the single 13 Clabeled n-butene in the reaction products (6) (7) (8) . The increased selectivity of isobutene formation in parallel with the decreased total activity of the coked catalysts and the yield of the single 13 C-labeled isobutene from the single labeled n-butene were the main arguments in favor of a monomolecular isomerization mechanism inside the zeolite channels (4, 6, 8) . The monomolecular mechanism includes the formation of a high-energy primary carbenium ion (18, 19) . A pseudo-monomolecular mechanism was assumed by Guisnet et al. (9) (10) (11) . It excludes the formation of a primary cation and involves the participation of the coke deposits generating intermediate benzylic cations as the active sites near the outer surface of the crystallites. But the formation of benzylic cations was so far not experimentally proved and other cationic species may be involved in the reaction.
Various spectroscopic techniques were used to characterize the adsorbed species and clarify the reaction mechanism (6-16, 20, 21) . UV-vis and FTIR spectroscopic studies characterized the adsorbed species, precursors of isobutene and high-temperature coke deposits (11-13, 15, 16, 20, 21) , whereas 13 C NMR and GC-MS monitored the 13 C label redistribution from n-butene to isobutene showing the difference in the reaction mechanisms on fresh and coked catalysts (6, 12) . 13 C MAS NMR spectroscopy is a well-established technique for the study of the mechanisms of heterogeneous catalysis (22) (23) (24) (25) (26) (27) (28) (29) (30) . The redistribution of the selective 13 C label from the initial reactants in the reaction products in the course of the reaction identifies the adsorbed reaction products and allows conclusions about the reaction mechanism. In a recent study, Philippou et al. (17) observed the formation of butene dimers and explained it through the bimolecular mechanism.
This paper explains the successive steps of conversion of n-to isobutene under static conditions. We provide evidence against a monomolecular isomerization and support a bimolecular mechanism of isomerization on fresh samples. The step of conjunct polymerization was identified, providing the formation of cyclopentenyl cations (CPCs), which can serve as the intermediate for pseudomonomolecular isomerization on the coked sample.
EXPERIMENTAL

Preparation of the Sample
The zeolite ferrierite (H-FER, Si/Al = 50) was prepared by Prof. Dr. W. Schwieger following the procedure described in the literature (14) . The samples were calcined at 673 K for 2 h in air and for 2 h under vacuum (10 −3 Pa). Then n-but-1-ene (about 300 µmol per gram H-FER) was adsorbed under vacuum by cooling the sample with liquid nitrogen. This loading corresponds to about one molecule per bridging hydroxyl group (≡Si-OH-Al≡) in the ferrierite framework. Labeled [1- 13 C]-n-but-1-ene, with the 13 C isotope (99% 13 C isotope enrichment) at the terminal olefinic = =CH 2 group was used. After sealing the glass tube, the samples were kept at the temperature of liquid nitrogen. Before measurements, the samples were warmed to room temperature (∼300 K) or heated in an oven for 1 h at 373-823 K. It was shown by additional experiments that the loading of 300 µmol per gram H-FER could also be achieved under a butene pressure of 5 kPa at 473 K under equilibrium conditions.
NMR Analysis
The reaction products were analyzed in the sealed glass tubes. 13 C MAS NMR spectra with high-power proton decoupling were recorded at 100.613 MHz on a Bruker MSL-400 spectrometer at room temperature. 13 C CP/MAS NMR experiments were performed by cross-polarization with a high-power proton decoupling field corresponding to a 5.0-µs pulse length for the π/2 pulse, a contact time of 5 ms and a recycle delay of 3 s. One-pulse excitation 13 C MAS NMR spectra with high-power proton decoupling were recorded using 45
• flip angle pulses of 2.5-µs duration and 10-15-s recycle delay. The spinning rates were 2.7-4.5 kHz. A few thousand scans were collected for each spectrum. Chemical shifts were adjusted to TMS with an accuracy ±0.5 ppm, whereas the precision of the relative line position was 0.1-0.15 ppm.
RESULTS
Conversion of n-But-1-ene at 300-373 K
n-But-1-ene readily undergoes a double-bond-shift reaction when it is adsorbed on H-FER (12, 13, 16, 20) . Therefore, one could expect that the signals from the n-but-2-enes would be observed in the 13 C NMR spectrum immediately after the adsorption of [1- 13 C]-n-but-1-ene (1) on the zeolite. Indeed, the expected signal for the 13 C-labeled = =CH 2 group at 113 ppm (see Table 1 ) is not observed for the adsorbed butene 1. Instead, signals at 17 and 13 ppm appear in the spectrum (see Fig. 1 , spectrum b). They arise from the methyl groups of trans-and cis-n-but-2-ene (2), respectively. The 13 C-labeled = =CH 2 group of 1 is transformed into the 13 C-labeled CH 3 groups of 2. The intense signal at 113 ppm due to the 13 C-labeled = =CH 2 group of 1 is observed in the corresponding spectrum of the Na form of the zeolite, where no transformation of n-but-1-ene occurs at 300 K (Fig. 1, spectrum a) . This confirms the earlier findings (12, 13, 16, 20) that n-but-1-ene undergoes a double-bondshift reaction yielding a mixture of trans-and cis-n-but-2-enes at low temperatures in zeolite H-FER.
The signal due to the = =CH-groups of butenes 2 at 126 ppm appears after keeping the loaded H-FER sample for one week at 300 K. In addition there arise two weak and broad signals at 25 and 33 ppm from butene dimers and oligomers (25, 31, 32 ) (see Fig. 1 , spectrum c). These signals increase if the sample is kept for 1 h at 373 K (see Fig. 1 , spectrum d). The signal at 126 ppm indicates that the scrambling of the selective 13 C label from the methyl groups of butenes 2 into their = =CH-groups occurs after a prolonged reaction time even at the low temperature of 300 K. The oligomerization of 2 also proceeds at 300 K. But isobutene signals are not detected. This indicates that there is no isomerization reaction under the static conditions of a batch reactor at room temperature. b Chemical shifts for isobutene on Na-form zeolite is given.
FIG. 1.
13 C CP/MAS NMR spectra of the zeolites Na-FER and H-FER loaded with [1- 13 C]-n-but-1-ene 1: (a) Na form kept at 300 K; (b) H form kept for 15 min at 300 K; (c) H form kept for one week at 300 K; (d) H form kept for 1 h at 373 K and then measured at 300 K. Asterisks denote spinning sidebands.
Conversion of n-But-2-ene and Butene
Oligomers at 473-623 K Increase of the reaction temperature up to 473 K causes a complete disappearance of the signals from n-but-2-enes at 17 and 126 ppm (Fig. 2, spectrum a) . The remaining signals at 13, 25, and 33 ppm are due to butene oligomers (dimers) (25, 31, 32) . Further increase of the temperature up to 523 K provides alkyl-substituted CPCs with characteristic signals at 152 and 252 ppm (33) and condensed aromatics with signals at 130 and 144 ppm (34) (see Fig. 2 , spectrum b). Based on the expected composition of the coke compounds extracted from the zeolite (11), we assign the signal at 130 ppm to methyl-substituted naphthalenic and/or anthracenic compounds, whereas the signal at 144 ppm should be due to fluorenic and/or biphenylic compounds (34) . The signals from the butene oligomers at 13, 25, and 33 ppm are still detected after reaction at 473 K. The signals from the paraffins isobutane and isopentane could be identified in the 523 K spectrum, which was obtained without crosspolarization and shows narrow signals due to mobile species (Fig. 3, spectrum a) .
After 1-h reaction at 623 K, the signals from the CPC and fluorenic compounds disappear and the signals from naphthalenes remain (Fig. 2, spectrum c) . The formation of a mixture of C 1 -C 5 alkanes can be observed at this temperature in Fig. 3 (spectrum b) . Butene oligomers were not completely transformed into alkanes and aromatics. The signal at 13 ppm in Figs. 2 (spectrum c) and 3 (spectrum b) proves the existence of a small quantity of oligomers at this temperature.
Conversion of the Condensed Aromatics and Alkanes
Formed 
DISCUSSION
This study performs experiments in a closed batch reactor. Reaction conditions are similar to those for the nbutene isomerization on a fresh zeolite in a flow reactor. The expected reactions for n-butene conversion are as follows: a double-bond-shift reaction to form n-but-2-enes, isomerization to isobutene, disproportionation to produce propene and pentenes, hydrogen transfer, and coke formation. It was concluded from previous studies (3, (6) (7) (8) 11) that the bimolecular mechanism via dimerization-cracking to isobutene and its disproportionation products prevails on a fresh zeolite sample. The 13 C MAS NMR observation of n-butene transformation in the batch reactor in the temperature range of 300-823 K allows us to distinguish the following steps of the olefin conversion under static conditions: a doublebond-shift reaction and 13 C-label scrambling, oligomerization (dimerization), conjunct polymerization, formation of polycyclic (condensed) aromatics, formation of a simple aromatic with methane, and ethane evolution.
Double-Bond-Shift Reaction and 13 C-Label Scrambling (300-373 K)
The formation of trans-and cis-n-but-2-enes from n-but-1-ene is observed at 300 K (Fig. 1) . This process is fast compared to the process of the selective 13 C-label scrambling. The signals from butenes 2 appear in the spectrum immediately after n-butene 1 adsorption on zeolite (Fig. 1,  spectrum b) , whereas the signal at 126 ppm due to the label scrambling appears in the spectrum only after keeping the sample at 300 K for some days. The appearance of the signal at 126 ppm from the = =CH-group of n-but-2-enes indicates that the selective 13 C label penetrates from the terminal CH 3 group of n-but-2-enes 2 into the neighbor inner = =CH-group of the linear hydrocarbon skeleton of these isomeric olefins 2 (Fig. 1, spectrum c) . This scrambling could be reasonably rationalized in terms of the formation of protonated cyclopropane intermediates on the zeolite (35, 36) as demonstrated in Scheme 1.
The cyclopropane intermediates can be reopened and yield either primary or secondary cations. The former provides the route for the formation of isobutene, and the latter should result in n-but-2-enes. The signal at 126 ppm indicates that the protonated cyclopropane is indeed formed as intermediate or transition state, and it is further transformed into butenes 2 with the label at the = =CH-group.
Isobutene is not obtained under these conditions. The characteristic narrow signal from methyl groups of isobutene at 24 ppm could not be found and the broad signals from carbons at olefinic double bonds at 111 and 142 ppm were not detected. The signal at 24 ppm occurs if isobutene is adsorbed on the sodium ferrierite (Fig. 6 , spectrum a). However, for isobutene adsorbed on H-FER this signal is missing at room temperature. Instead, the signals from the methyl groups of isobutene dimers are observed in the spectrum at 33 ppm (Fig. 6, spectrum b) , cf. 2,2-dimethyl-3-hexene, 3,4,4-trimethyl-2-pentene, and 
FIG. 6.
13 C MAS NMR spectra of ferrierites at 300 K, which are loaded with isobutene: (a) sodium ferrierite (Na-FER), (b) hydrogen ferrierite (H-FER).
2,4,4-trimethyl-1-pentene (17) . From this fact we conclude that isobutene reacts during a longer contact time to acid sites, whereas it does not react during the shorter contact time in a flow reactor. It transforms inevitably into a mixture of isobutene dimers under the static conditions of a batch reactor.
It could be assumed that the broad signals at 25 and 33 ppm at temperatures of 300 and 373 K (Fig. 1 , spectrum c and d) are due to isobutene dimers, which result from the monomolecular isomerization of n-butene via intermediate formation of isobutene and its subsequent dimerization. But Fig. 6 (spectrum b) shows that isobutene dimers exhibit an intense signal at 33 ppm. Thus isobutene is not formed from n-butene even as an intermediate. The butene dimers (oligomers) were formed directly from the n-butenes 2 in our batch reactor.
From the absence of the signals from isobutene or its dimers under conditions of the 13 C-label scrambling in n-but-2-enes (Fig. 1) we conclude that the cyclopropane ring opening (for a monomolecular isomerization pathway) does not occur under these conditions. This is in good agreement with the concept (18, 19) which explains a very low rate of formation of isobutene through a monomolecular mechanism by the necessity of the formation of a highly energetic (compared to the secondary cation) primary cation, which is a precursor of isobutene. Alternatively, the isomerization of a dimeric cation via successive stages of hydrogen and methyl shift reactions toward C + 8 carbenium ion with tert-butyl fragment allows avoidance of the intermediacy of the primary cation. Thus, our data support the assumption that a monomolecular isomerization does not take place on a fresh zeolite.
Oligomerization and Conjunct Polymerization (300-523 K)
The signals from the n-butene oligomers (13, 25, and 33 ppm) at temperatures of 300 and 373 K show further that the dimerization of butenes 2 is the more facile process than monomolecular isomerization toward isobutene. The observation of oligomerization (dimerization) supports the possibility of a bimolecular mechanism (Scheme 2), since the formation of isobutene by the bimolecular mechanism requires a dimerization step.
n-Butenes 2 convert completely into butene oligomers at 473 K. But neither the signal of isobutene nor the signals due to its dimers appear in the spectra (compare Figs. 2,  spectrum a and 3, spectrum a) . Philippou et al. (17) claimed the formation of isobutene from butene oligomers at this temperature. The increase of the intensity of the signal at 24 ppm with the temperature was assigned to the appearance of isobutene as a reaction product (17) . But we have demonstrated in Fig. 6 that isobutene does not exist in its monomeric form on H-FER at room temperature, which is the temperature of spectra registration in the experiments by Philippou et al. (17) . Therefore, the growth of the signal at 24 ppm should rather be attributed to the increase of the amount of butene oligomers after treatment at 473 K. Alternatively, this signal can be assigned to isobutane, which exhibits a signal with similar chemical shift. It has been reported in numerous 13 C MAS NMR studies (23) (24) (25) 37 ) that isobutane represents a prevailing species in the pattern of alkanes formed from the cracking of oligomers on acidic zeolites at 473-573 K in a batch reactor.
It is well known that n-butene converts to isobutene in a flow reactor (3, 11) . The different behavior between 13 C MAS NMR studies in the batch reactor and catalytic studies in the flow reactor cannot be explained by a different loading under flow condition. A mixture of 5% n-butene-1
Oligomerization (dimerization) and cracking processes to provide the pathway for the formation of isobutene via a bimolecular mechanism on H-FER.
in an inert gas of the stream gives a similar loading as used in our batch reactor (one molecule per one acidic site). Therefore, our rationalization of the absence of the signals from isobutene is based on the difference between flow and batch reactor (without continuous feed of the reagent and inert gas carrier). Isobutene, which is possibly formed in the batch reactor, then reoligomerizes again, whereas in a flow reactor it desorbs and cannot reoligomerize in the gas phase.
One could expect that the increase of the reaction temperature would lead to the cracking of butene oligomers (dimers), producing olefins (isobutene, propene, pentenes) as reaction products and carbenium ions (tert-butyl and isopropyl cations) by the β-scission mechanism (see Scheme 2). However, the main reaction products at 523 K are alkanes and methyl-substituted CPCs with the corresponding signals at 152 and 252 ppm (33) in Fig. 2 (spectrum b). Simultaneous formation of CPCs and alkanes indicates "conjunct polymerization." This process was described for the first time by Ipatieff and Pines (38, 39) for the conversion of isobutene in sulfuric acid. The CPC was identified as a characteristic species formed in conjunct polymerization for the first time by Deno et al. (40) . CPC on zeolites HY (22) and HZSM-5 (41) and on sulfated zirconia (29) were found to be the species deactivating the catalysts at 473 K in olefin (22, 41) , alkane (29) , and alcohol conversion (25) . Conjunct polymerization can be explained as a multistep process shown in Schemes 2 and 3. It includes the steps of oligomer (dimer) cracking affording carbenium ions like the tert-butyl or isopropyl cations (Scheme 2), hydrogen-transfer reactions by hydride abstraction of the formed cations yielding alkanes and hydrogen-deficient charged conjugated double-bond oligomers, which are further converted to the form of the most stable CPC (40) (see Scheme 3). The charged conjugated double-bond oligomers have been already identified by Paze et al. (13) in the reaction of n-butene conversion on H-FER by UV-vis spectroscopy. But the attribution of the observed bands to the π * ← π transitions at 20000-15000 cm −1 (13) to CPCs could not be made unambiguously.
Benzylic cations formed from alkyl aromatics were proposed as the active sites for the n-butene isomerization via a pseudo-monomolecular mechanism (9-11). However, CPCs are the only cationic species that are identified for n-butene conversion on H-FER and, therefore, they could be considered as the possible active sites for isomerization by pseudo-monomolecular mechanism. CPCs are formed below 623 K (22, 25, 28, 29) , which is the usual temperature for an isomerization reaction under flow conditions. But it cannot be excluded that these cations also exist at higher temperature, if the reaction is performed under the flow conditions with a shorter contact time than under the batch condition. Therefore, these cations should not be discarded as the active sites for pseudo-monomolecular n-but-1-ene isomerization in the technical processes. 
Formation of Polycyclic Aromatics (523-723 K)
Condensed aromatics are already formed at 523 K. Corresponding signals are observed at 130 and 144 ppm in addition to the signals from the CPCs. Further increase of the reaction temperature causes the complete disappearance of the signals from the CPCs. Only condensed aromatics and alkanes were formed at 623 K. CPCs appear at 523 K and disappear at higher temperature. This intermediate appearance allows us to conclude that the CPCs seem to be the precursors of condensed aromatics (coke). The latter presumably forms from the CPCs as shown in Scheme 4. It implies that the formation of the condensed aromatics involves the CPC deprotonation and protonation, its dimerization, β-scission, and hydrogen transfer by an abstraction of hydrides by the carbenium ions. It should be emphasized that our data do not show the formation of condensed aromatics from a simple one as was proposed earlier for this reaction (11) . On the contrary, simple aromatics form from the condensed one as evidenced from the experiments at 823 K.
Formation of Simple Aromatics with Methane and Ethane Evolution (823 K)
At 823 K condensed aromatics convert to methylsubstituted simple aromatics with an intense and broad signal centered at 128 ppm. It seems to be due to an essential contribution from benzene, which is also formed under this condition (Fig. 4, spectrum b) . Simultaneously, the signals from only the light alkanes, methane, and ethane are observed in the spectrum (Fig. 5, spectrum b) . In ethane. This pathway for methane and ethane formation from condensed aromatics may be essential at this temperature. The transformation into simple aromatics and C 1 -C 2 alkanes can proceed in accordance with Scheme 5.
CONCLUSIONS
13 C MAS NMR spectroscopy of the temperaturedependent conversion of n-but-1-ene on H-FER in a batch reactor offers information about the mechanism of isomerization and the formation of carbonaceous deposits, which is also important for processes in a flow reactor.
The following successive steps in the olefin conversion at increasing temperature of the reaction were distinguished: a double-bond-shift reaction affording n-but-2-enes, scrambling of the selective 13 C label in n-but-2-enes, oligomerization (dimerization), conjunct polymerization, formation of condensed aromatics, and formation of simple aromatics. Selective 13 C-label scrambling in n-but-2-ene and oligomerization, as well as the absence of isobutene among the products of n-but-1-ene isomerization, provides evidence for a bimolecular pathway of n-but-1-ene isomerization on a fresh zeolite via the stages of n-but-1-ene dimerization (oligomerization) and cracking of the dimers. Monomolecular isomerization of n-but-1-ene into isobutene does not occur on uncoked zeolite samples.
Alkyl-substituted CPCs are the only cationic species observed on H-FER. They, rather than benzylic cations as suggested by Andy et al. (11) , can serve as the active sites for pseudo-monomolecular isomerization of n-butene on the coked zeolite samples.
Carbonaceous deposits, which represent polycyclic aromatics (coke) and deactivate the catalyst in the isomerization reaction, are formed from the alkyl-substituted CPCs, which are produced in the conjunct polymerization process. At higher temperatures, polycyclic aromatics are transformed into simple aromatics with methane and ethane evolution.
